Since its initial detection in Arkansas in the early 1970s, sudden death syndrome (SDS) of soybean (Glycine max (L.) Merr.) has been reported in all major production areas within North and South America (17) . Foliar chlorosis and necrosis, vascular discoloration of stems and roots, root rot, and death are diagnostic features of soybean SDS (17, 19) . Although initially reported as Fusarium solani (18) or F. solani f. sp. glycines (7, 18) , the etiological agent in North America is now recognized as F. virguliforme, a morphologically and phylogenetically distinct species within clade 2 of the F. solani species complex (FSSC) (3, 4, 10, 14, 15) . Surveys of soybean SDS in Argentina, by way of contrast, surprisingly revealed that four morphologically and phylogenetically distinct fusaria were responsible for SDS in this country (4) . Results of an extensive survey demonstrated that Fusarium tucumaniae was the primary etiological agent in five of the six Argentinean provinces sampled, accounting for 87.2% (236/271) of the SDS isolates recovered (14) . The three other SDS pathogens (F. virguliforme, F. brasiliense, and an undescribed Fusarium sp.) were only recovered in low frequencies in this survey. Koch's postulates have been completed for F. virguliforme (16, 18) , F. tucumaniae (20) , F. brasiliense, and an undescribed Fusarium sp. (4) .
The available data suggest that the reproductive mode of the main soybean SDS pathogen in North and South America may be different in the two regions. Various molecular markers have revealed a remarkably low level of genetic diversity within isolates of F. virguliforme from North America (2, 7, 14, 19) , where it is the exclusive cause of soybean SDS, suggesting that its reproductive mode may be strictly clonal (22) . In addition, preliminary mating experiments indicated that the isolates of F. virguliforme tested all represented a single mating type (5) , as expected if this pathogen is reproducing clonally on soybean. In contrast to the lack of genetic diversity observed within collections of F. virguliforme, molecular phylogenetic analyses revealed high genetic diversity within F. tucumaniae from Ar-gentina and Brazil, suggesting that this species may possess both a clonal and recombining population structure (3, 4) . Subsequent laboratory crosses successfully demonstrated that F. tucumaniae produces a heterothallic teleomorph (5) . Multilocus genotyping of the ascosporic progeny analyzed in this study revealed that they were the products of sexual reproduction and recombination. To avoid unnecessary duplication of names promoted by the now antiquated anamorph + teleomorph system, these authors epitypified the teleomorph using the anamorph name, F. tucumaniae, as allowed under Article 59.7 in the Vienna Code of the International Code of Botanical Nomenclature (8) .
Except for the initial discovery of the F. tucumaniae teleomorph via laboratory crosses (5) , there have been no other authentic reports of a SDS pathogen producing perithecia in the laboratory, and none have been observed in nature. Although an anamorph-teleomorph connection was reported based on a culture of a putatively homothallic soybean SDS isolate (IN-2X-11B) identified as Nectria haematococca (1), morphological and molecular phylogenetic analyses conducted on this isolate revealed that the teleomorph reported was actually Plectosphaerella cucumerina (anamorph Microdochium tabacinum), a very distant relative of Fusarium in a separate order, the Phyllachorales (12) .
The primary objective of the present study is to report on the discovery of sexual reproduction on soybean roots in nature by the SDS pathogen F. tucumaniae in Argentina. Cultures derived from ascospores of the pathogen were characterized morphologically (3, 4) and by a validated multilocus genotyping assay for SDS species determination (14) .
MATERIALS AND METHODS
Origin of teleomorph and isolation of single-spored ascosporic cultures. A survey of soybean SDS pathogen diversity was conducted at three different locations in the province of Buenos Aires on 16 March 2010 and at two locations near the town of Hughes in the province of Santa Fe on 23 April 2010. When the roots were Of the four fusaria that have been shown to cause soybean sudden death syndrome (SDS), field surveys indicate that Fusarium tucumaniae is the most important and genetically diverse SDS pathogen in Argentina. Although none of the SDS fusaria have been shown to produce perithecia in nature, a heterothallic sexual cycle has been demonstrated for F. tucumaniae via laboratory crosses. Herein we report on the discovery of perithecia of F. tucumaniae on soybean in Argentina. Ascospores derived from these perithecia gave rise to colonies that produced sporodochial conidia diagnostic of F. tucumaniae. Sporodochial conidia were longer and narrower than those produced by the other SDS fusaria; these conidia also possessed a diagnostic acuate apical cell and a distinctly foot-shaped basal cell. Sixteen strains derived from single ascospores subjected to a validated multilocus genotyping assay (MLGT) for SDS species determination, together with 16 conidial isolates from two sites where teleomorphs were collected, independently confirmed the morphological identification as F. tucumaniae. This study represents the first authentic report of sexual reproduction by a soybean SDS pathogen in nature. examined at ×40 under a dissecting microscope in the laboratory, between 1 and 24 reddish-orange perithecia were discovered near the soil line on six symptomatic plants ( Table 1) . Microscopic examination with a compound microscope, however, revealed that asci and ascospores were only present in two mature perithecia collected near Pergamino, Fontezuela in the province of Buenos Aires ( Fig. 1A to H; GPS coordinate: 33°55′53.13′′S; 60°28′11.19′′O). To confirm that the conidial fungus present on the roots near the perithecia was a SDS-causing Fusarium, blue-green and yellowish conidial masses were mounted in water on microscope slides and examined microscopically. Macroconidia morphologically similar to the SDS-causing fusaria were transferred to sterilized distilled water on a sterile slide and then streaked onto potato dextrose agar (Difco, Detroit, MI) amended with streptomycin (PDAS) and incubated at 25°C in the dark. A total of 16 singlespored soybean SDS isolates were cultured from macroconidia; 14 of these were near the mature perithecia on a plant collected at the Pergamino, Fontezuela site and two were near empty perithecia on a plant collected at the Cólón site (Table 1) . A Skerman's micromanipulator (21) was used to isolate 16 individual ascospores for culturing from crushed perithecia ( Fig. 1A to N) from the Pergamino, Fontezuela site. A total of 16 single-spored ascospore cultures were grown on PDAS. All of the strains reported in this study are available upon request from the CEREMIC Culture Collection (Fac. de Cs. Bioquímicas y Farmacéuticas, UNR) and the Agricultural Research Service Culture Collection (NRRL, NCAUR, Peoria, IL: http://nrrl. ncaur.usda.gov/). All cultures are stored cryogenically in liquid nitrogen vapor at -175°C.
Morphological analyses. Detailed phenotypic methods for characterizing macroand micro-morphological characters followed Aoki et al. (3, 4) . Strains were cultured on synthetic low nutrient agar (SNA) (9) and potato dextrose agar (PDA) in 9cm plastic petri dishes incubated at 20°C under daylight, in complete darkness, or under continuous fluorescent light (Mitsubishi FL40S-W). PDA cultures were used to characterize colony morphology, color, and odor. Colony colors reported in this study follow Kornerup and Wanscher (6) .
Colony growth rates were determined using PDA cultures incubated in complete darkness at 20°C (4).
Multilocus genotyping. Isolates were cultured in yeast-malt broth as previously described to obtain total genomic DNA from freeze-dried mycelium (11) . Protocols for multiplex PCR amplification and species determinations with a Luminex 100 flow cytometer (Austin, TX) followed O'Donnell et al. (14) , employing a validated multilocus microsphere array for soybean SDS pathogen identification. Strains of each of the four soybean SDS pathogens, and two closely related Phaseolus root rot pathogens, were included in the assay as positive controls for each species (Table 2 ). To determine indices of discrimination (ID) for the MLGT identifications, the average intensity of three water negative controls was first subtracted from each value, after which the minimum fluorescence intensity (MFI) was divided by the maximum nontarget fluorescence intensity.
RESULTS
Species determination based on morphological analysis of perithecia formed in nature and pure cultures of the anamorph derived from single-spored ascospores. Detailed descriptions of the anamorph and teleomorph were published previously (4, 5) .
Teleomorph morphology formed in nature ( Fig. 1A to F): Ascomata solitary or in groups, mostly superficial or surrounded by mycelia, globose, subglobose, ovoid, 122 to 400 µm diameter, red in water, yellow in undiluted (ca. 90%) lactic acid, turning purplish red to dark red in 3% KOH, nonpapillate or with a papillate neck, ascomata coarsely warted around or above the midregion, warts reddish, up to 80 µm high and 70 µm wide and composed of a mass of outer ascomatal cells. Cells at ascomatal surface and warts circular to angular, (10-)20-25 µm diameter. Ascomatal wall excluding warts 40-60 µm thick, composed of two, outer and inner regions. Paraphyses absent. Periphyses cylindrical, thin-walled. Asci unitunicate, cylindric to clavate, 60-90 × 8.5-16 µm, thin-walled, with a basal crozier remnant, containing 8 biserate ascospores arranged obliquely. Ascospores elliptical, oblongelliptical to fusiform-elliptical, 1-septate, often constricted at the central septum when mature, 10-16 × 4-6.5 µm (means ± S.D.: 13.1 ± 1.37 × 5.1 ± 0.64 µm), Length/Width (L/W) 1.9-3.7, hyaline to somewhat pale yellowish, smooth to very minutely rough, thin to somewhat thickwalled.
A specimen consisting of a dried piece of soybean root, containing perithecia formed in nature, from the stem base of a soybean plant exhibiting typical SDS symptoms, collected near Fontezuela (Collection Site, 10-576 M3pl3), in the province of Buenos Aires, Argentina (GPS coordinate: 33°55′53.13′′S; 60°28′11.19′′W), 16 March 2010 by M. M. Scandiani, has been deposited in the herbarium of the U.S. National Fungus Collection, Beltsville, MD as BPI 880692.
Anamorphic morphology derived from single ascospores ( Fig. 1G to N) : Colonies on PDA showing radial mycelial growth rates of 0.9-1.6 mm per day at 20°C in the dark. Colony color on PDA at first white to yellowish-white, later with bluish-gray tint; upon sporulation with conidial pustules of light yellow to greenish-white in the dark, or with conidial pustules of light yellow, grayish-yellow, grayish-green, dark green to dark turquoise under fluorescent light. Aerial mycelium generally sparse and somewhat pionnotal. Colony margin often undulate. Reverse pigmentation absent. Odor absent or moldy. Chlamydospores formed frequently in hyphae and in conidia, subglobose, terminal or intercalary, single or in chains, mostly hyaline, smooth to rough-walled, 7-14 × 5.5-14 µm. Sporulation on PDA often light-colored in darkness, greenish to bluish pigmented under fluorescent light; sporodochia normally formed abundantly on SNA and PDA. Aerial conidiophores formed abundantly on SNA, unbranched or sparsely branched, short or long, up to 210 µm long, 2.5-5 µm wide, forming subulate to subcylindrical monophialides integrated on the apices. Aerial conidia on SNA of two types: (1) curved cylindrical to falcate, (2-)3(-5)septate, with a foot cell, formed mainly on taller conidiophores; (2) minute, oblongellipsoidal to short-clavate, formed on short conidiophores up to 50 µm long, 1.5-3 µm wide, 0(-1)-septate, 4-12.5 × 2-3 µm in total range, 6.5-6.9 × 2.5-2.6 µm on average. Sporodochial conidiophores mostly branched verticillately, forming monophialides on the apices. Sporodochial phialides subulate, ampulliform to subcylindric, often (Fig. 1A and B ) was made by crushing them on a microscope slide prior to examining them with a compound microscope ( Fig. 1C to F) . Most of the perithecia examined, however, were immature or empty inside. The ascospore measurements reported above were based on 46 spores recovered from two mature perithecia. Perithecial characters matched the descrip-tion of the F. tucumaniae teleomorph (5), except for ascospore size. Ascospores formed in nature were slightly shorter and narrower than those formed in laboratory crosses (5) . The difference in ascospore size presumably was caused by differences in their maturity. Ascospores isolated from the perithecia germinated ( Fig. 1G and H) to form aerial conidia and conidiophores ( Fig.  1I to L) , sporodochial conidia and conidiophores ( Fig. 1M and N) , and chlamydospores. Anamorphic morphology formed by the single-ascospore isolates matched published descriptions of the F. tucumaniae anamorph (3, 4) . F. tucumaniae can be distinguished from the other soybean SDS pathogens by the production of sporodochial conidia on SNA that are longer and narrower than those produced by the other SDS fusaria. Other distinctive features of F. tucumaniae conidia include a diagnostic acuate apical cell and a distinct basal foot cell. Species determination of ascosporic and conidial cultures using a multilocus genotyping (MLGT) assay. Sixteen cultures derived from single ascospores from perithecia, 14 single-spored conidial cultures derived from a collection near Pergamino, Fontezuela in the province of Buenos Aires, and two conidial cultures derived from the Colón site in Buenos Aires Province where two empty perithecia were collected were genotyped using a validated MLGT assay for soybean SDS species determination. Also included in the assay were 1 to 2 previously characterized positive control strains of the four SDS pathogens (i.e., F. tucumaniae, F. virguliforme, F. brasiliense, and Fusarium sp.) and two closely related Phaseolus root-rot pathogens (i.e., F. phaseoli and F. cuenirostrum) ( Table 2) . Results of the MLGT assay indicated that the 30 isolates collected near Pergamino, Fontezuela and the 2 isolates from Colón were F. tucumaniae. ID values obtained using the F. tucumaniae-specific TU-c probe for all 32 experimental isolates ranged from 7 to 11, meaning the minimum fluorescent intensity (MFI) values for the F. tucumaniae isolates were at least 7 times greater than the MFI values of isolates with a negative genotype. In addition, the TU-a probe yielded positive genotypes for 13 of the 32 F. tucumaniae isolates ( Table 2 ). MFI values for the 13 isolates with a positive TU-a genotype ranged from 3 to 8. Therefore, the MFI values obtained using the TU-a probe were at least 3 times greater than the values for strains with a negative genotype.
DISCUSSION
Results of the present study provide the first direct evidence of sexual reproduction by a soybean SDS pathogen in nature. Based on the level of DNA polymorphism segregating within F. tucumaniae (3, 4) , Covert et al. (5) hypothesized and subsequently confirmed a sexual cycle in this species employing heterothallic crosses in the laboratory. We hypothesize that F. brasiliense may also be recombining sexually within soybean fields in South America, based on the phylogenetic diversity of the isolates sampled to date (14) . The available molecular systematic data, however, suggest that F. virguliforme may possess a strictly clonal reproduction mode on soybean in North and South America (2) (3) (4) 7, 14, 19) . Although F. virguliforme was reported to produce a teleomorph in nature (1), subsequent morphological and molecular phylogenetic analyses demonstrated that the reported teleomorph was Plectosphaerella cucumerina, a distantly related homothallic species within the Phyllachorales (12) .
The discovery of F. tucumaniae perithecia on 6 of the 2,000 roots collected during our 2010 survey for soybean SDS is noteworthy because heterothallic crossing of fusaria is rarely observed in nature. The small number of perithecia detected (i.e., between 1 and 24 per plant), and the fact that all but two were immature or senescent, suggest that conducting surveys earlier and later in the season may contribute to a better understanding of the phenology of teleomorph production under field conditions. It is worth noting that perithecial production by F. tucumaniae in the labora- tory, in which mature ascospores were oozing from the ostioles, takes at least 30 days when incubated at 18°C under continuous fluorescent illumination (5) .
Although the morphological data we obtained on the perithecia collected in nature matched the protologue of F. tucumaniae (5) , definitive identification of the teleomorph was made possible by conducting detailed morphological analyses of the conidial anamorph produced by colonies derived from single-spored ascospores isolated from the perithecia collected near Pergamino, Fontezuela in the province of Buenos Aires. Consistent with prior descriptions of this species (3, 4) , the ascosporic isolates produced sporodochial conidia that were longer and narrower than those produced by the three other SDS fusaria. In addition, conidia produced by the F. tucumaniae isolates also possessed a diagnostic acuate apical cell and a distinct basal foot cell.
Independent identification of the 16 ascosporic and 16 conidial isolates as F. tucumaniae was obtained using a validated multilocus genotyping assay for soybean SDS species determination (14; Table 2 ). In contrast to the original report, in which the F. tucumaniae-specific TU-a and TU-c probes performed equally well (14) , the TU-c probe outperformed the TU-a probe in the present study. In anticipation of this problem, redundant species-specific probes were incorporated into the SDS MLGT assay, and in similar suspension microsphere arrays for human pathogenic fusaria (13) and an assay for Fusarium head blight species identification and trichothecene chemotype determination (23) . Because the primer probes in these molecular diagnostic assays were all designed based on known species-specific DNA sequence variation within the locus targeted, information gained from sequencing the region where the TU-a probe primes within locus 51, in the isolates that yielded a negative genotype, should prove to be invaluable in the redesign of this probe.
Given the high throughput platform provided by the soybean SDS MLGT assay (14) , it is particularly well suited for monitoring changes in soybean SDS species diversity in North and South America. In addition, this assay should be beneficial to quarantine and plant inspection officials charged with preventing the inadvertent or intentional introduction of foreign pathogens such as F. tucumaniae into the United States. In contrast to F. virguliforme, which appears to be strictly clonal on soybean in both hemispheres, a sexually reproducing pathogen such as F. tucumaniae is more likely to overcome multilocus quantitative resistance within soybean (5) . As such, knowledge of the soybean SDS pathogens' reproductive mode has practical implications for the management of this disease.
